Objective: To determine an adequate daily intake value for dietary fibre (AI df ) based on faecal bulking indexes (FBIs) for 66 foods of known total dietary fibre (TDF) content. Design: FBIs of 66 foods were measured and expressed as wheat bran equivalents (WBE fb ) per 100 g of food. A daily WBE fb requirement for humans was calculated from faecal bulk generated per gram of wheat bran TDF in humans, using a critical faecal mass of 200 g/day for protection against large bowel disease. TDF content was regressed against WBE fb content for all 66 foods assayed, and an AI df value obtained by substituting the calculated human WBE fb requirement into the regression equation. Method: FBI was measured using a validated rat assay, with eight large (400750 g) rats per group, preadapted to dietary fibre, and fed adequate restricted diets containing test foods at inclusion rates consistent with human intakes. The critical faecal mass was based on epidemiological studies, and the faecal bulk generated per gram of wheat bran TDF was the mean of 27 published values. Results: WBE fb requirements for humans were calculated to be 90 g/day, corresponding to a faecal output of 200 g/day. The regression equation relating WBE fb measured in the FBI assay to TDF in all 66 foods was
Introduction
Adequate daily intake values for dietary fibre (AI df ) are typically based on the relation between fibre intake and protection against a number of diseases (Standing Committee on Evaluation of Dietary Reference Intakes, Institute of Medicine, 2002) , or on effects on marker variables related to health end points (ILSI Europe, 1999) . A large amount of data on human responses to dietary fibre have now accumulated from many epidemiological, case-control, intervention, and small-scale experimental studies in humans (Standing Committee on Evaluation of Dietary Reference Intakes, Institute of Medicine, 2002) . However, because of the difficulty of working with humans, there have been few, if any, studies in which the relation between the dietary fibre contents of a large set of individual foods, and their effects on important marker variables for health, have been determined under experimental conditions. Furthermore, many of the studies have involved supplementation with extrinsic dietary fibres, whereas, in the context of human diets, it is the relation between dietary fibre in foods and health effects that is important.
Animal models have a role to play in easily providing large amounts of data under well-controlled conditions, to complement those obtained with humans, as long as the model is set and used appropriately, and responds similarly to humans. In the case of the faecal bulking response to total dietary fibre (TDF) intake, which is one of the most robust associations in nutrition science (Cummings, 1993) , and which is related to a number of health end points (Kritchevsky, 2001) , several studies have shown that the rat can act as a useful model for estimating effects of foods (Nyman & Asp, 1985; Edwards et al, 1992; Bach Knudsen et al, 1994) . The usefulness of the rat as a model for faecal bulking in humans is not surprising, because bulking effects in the monogastric hind gut are determined largely by limits to mixed bacterial fermentation that are an intrinsic property of the undigested matter entering the hind gut.
A rat model has recently been developed specifically for measuring the relative faecal bulking efficacy of foods (Monro, 2000) . Large adult rats, that have been preadapted to mixed dietary fibres, are fed adequate but restricted diets containing test foods in proportion to their levels in human diets. After rehydrating the rat's faecal pellets to their full water retention capacity, faecal moisture contents and increases in rehydrated faecal bulk per gram of cereal fibre are almost identical to published human fresh faecal bulk responses (Monro, 2002a) . The model has now been used to measure the faecal bulking index (FBI) of 66 foods, using wheat bran as a reference.
The existence of such a large set of FBIs measured under well-standardised conditions provides an opportunity to directly relate the dietary fibre content of a population of foods to their faecal bulking action, so, if the amount of faecal bulk necessary to confer protection against disease is known, the amount of food TDF that corresponds to adequate bulk may be ascertained. An AI df would thus have been determined, at least with respect to health effects dependent on colonic bulk.
Epidemiological studies have suggested that there is a critical faecal wet weight of 160-200 g/day for adults, below which transit time falls, colon function becomes unpredictable, and risk of colorectal cancer increases (Spiller, 1993) . Cummings et al (1992) and Birkett et al (1997) found that a daily faecal output of about 150 g at least was required for protection against bowel cancer. The amount of dietary fibre required to produce 200 g faecal wet weight/day may therefore be a reasonable AI df .
In this paper, the relation between the TDF content of 66 different foods of varying type and the faecal bulk that they induce is established. From the relation obtained, the amount of food dietary fibre required to achieve a stool bulk of 200 g is determined, as the AI df .
Method
Samples Samples were purchased from local supermarkets. Fruit and vegetables. Fruit and vegetables were obtained from a local supermarket and were all in sound condition.
Miscellaneous. Corn meal, linseed, wheat germ, (Healtheries s ), rye flour, pea flour, soy flour, and wheat bran. All foods and the wheat bran reference were milled dry to pass through a 2 mm sieve.
Dietary fibre contents
Dietary fibre values as TDF were obtained from the nutrient information panels on the cereal packets for which AOAC methods 985.29 (Prosky) or 991.43 (Lee/Prosky) (Cho et al, 1997) are stipulated (Food Standards Australia New Zealand, 2002) , or where not available, online from the USDA Food and Nutrition Information Center (www.nal.usda.gov/fnic). The dietary fibre content of the wheat bran refrerence was measured by the Prosky method.
FBIs FBI values used included both previously published (Monro, 2000 (Monro, , 2002a and new values, all of which were measured at the New Zealand Institute for Crop & Food Research Ltd laboratories and Feed Evaluation Unit.
Diets and feeding. The trials used mature rats (400750 g), 8/group that had been preadapted to mixed dietary fibre since weaning. Composition of the diets is shown in Table 1 , and the feeding protocol for the trials has been detailed elsewhere (Monro, 2000) Briefly, during the assay period, rats were fed a nutritionally complete baseline diet containing 50 g sucrose/100 g diet, or a reference diet in which 12.5 g of the sucrose in the baseline diet was replaced by wheat bran, or test diets in which sucrose was replaced by the dried foods at levels well tolerated by rats and congruent with human intakes of similar foods, as indicated in Table 1 .
All rats were fed the baseline diet for 3 days, the trial diets (baseline, reference, test foods) for a 3-day cleanout, before faeces were collected over a balance period during the subsequent 4 days. The animals were allocated 25 g feed per day, and all refusal and spillage were carefully recovered and weighed to calculate food intakes.. The rats were housed in hanging wire mesh cages, which allowed immediate separation of faeces for daily collection from papers beneath the cages, and minimised coprophagy.
Measuring FBI. Faecal pellets were dried, weighed, and a sub-sample was rehydrated to saturation and reweighed. All results were calculated as rehydrated faecal output per 100 g food intake.
Calculating FBI. FBIs were calculated as the increase over baseline in rehydrated faecal weight induced by a food, as a percentage of the increase induced by an equal weight of wheat bran reference:
FBI ¼ Increment in weight of rehydrated faeces due to test food Increment in weight of rehydrated faeces due to reference Â100
The following formula was used to calculate FBI:
where FBI is the faecal bulking index, T the mass of rehydrated faeces per 100 g feed intake for test diet, B the mass of rehydrated faeces per 100 g feed intake for baseline diet, R the mass of rehydrated faeces per 100 g feed intake for reference diet, Pr the proportion of reference material in reference diet, and Pf the proportion of test food in test diet.
Wheat bran equivalents for faecal bulk (WBE fb )
Faecal bulking effects of any amount of a food of known FBI (FBI food ) may be expressed in gram equivalents of any reference food of known FBI (FBI reference ), using the equation
If wheat bran (FBI ¼ 100) is used as the reference, the number of WBE fb per 100 g of a food is
In other words, using wheat bran as a reference allows FBI food to be expressed as a WBE fb content per 100 g food (Monro, 2001) . And, as TDF content is also expressed as TDF/100 g food, faecal bulking efficacy, and TDF content may be directly related. Therefore, by expressing faecal bulking as if it were a food component, in the form of WBE fb values, the relation between a food function and a food component may be determined.
Deriving a daily reference value for faecal bulk (DRV fb ) A DRV fb was determined as follows: For 160 g faeces the requirement would be 72 g wheat bran, and for 150 g faeces it would be 67.5 g.
A DRV fb of 90 g WBE fb means that the desirable accumulation of bulk from all sources during the course of a day is that which would theoretically be induced by 90 g of wheat bran. Calculating an adequate daily intake for TDF The AI df may be calculated from the relation between TDF and faecal bulk, determined by linear regression of TDF values (TDF/100 g food) against FBI ( ¼ WBE fb /100 g food) ( Table 2 ). Faecal bulking has been shown to be a linear response to wheat bran TDF, up to at least 28% TDF in the diet (provided by 50% All Bran) for the FBI rat assay (Monro, 2002a) . From the regression equation obtained for y ¼ mx þ c, we get TDF ¼mWBE fb þc And, by using the daily reference value of WBE fb (ie DRV fb ), we get AI df ¼m DRV fb þc DRV fb is the WBE fb intake that corresponds to the amount of faecal bulk required to confer protection against disease, calculated above to be 90 WBE fb /day for 200 g faecal bulk.
Statistical analysis
The linear regression analysis was conducted using the Minitab 13 Statistical Programme (Minitab, State College, PA, USA) and plotted with Microsoft Excel (Microsoft, Redmond, WA, USA). Analysis of residuals confirmed that it was appropriate to apply regression analysis to foods containing o15% TDF (n ¼ 54).
The precision of the FBI values is not shown, as FBI is determined from differences between means of rehydrated faecal weight/100 g food:
FBI ¼ ðfood mean À baseline meanÞÂ 100=ðreference mean À baseline meanÞ However, precision and repeatability for determination of rehydrated faecal weight/100 g food is reasonable. For example, from recent measurement of FBI in a set of 
Results
FBIs for the 66 foods analysed are shown in Table 2 , alongside the dietary fibre values obtained for them. The list of foods included a representative sample of cereal products, and only 12 of them contained more than 15% dietary fibre.
Estimation of an adequate daily intake for dietary fibre based on all foods (n ¼ 66) The equation obtained from regression of TDF/100 g against WBE fb /100 g (FBI; Figure 1 ) was
Therefore, dietary fibre requirement per day to maintain colonic health, based on the faecal bulking efficacy of all 66 foods in Table 1 , and a required faecal mass of 200 g/day, which was shown above to be equivalent to 90 g WBE fb /day is AI df ¼ ð0:419Â90Þ þ 3:19 ¼ 40:9g
Similarly, AI df ¼ 33.4 g, when based on 160 g faecal bulk, and 31.5 g when based on 150 g faecal bulk.
Foods containing less than 15% TDF (n ¼ 54) As a few high bran, high dietary fibre products had a large influence on the regression analysis of the relation between FBI and TDF, the analysis was repeated with foods containing more than 15% dietary fibre, and one outlier (dried pears), excluded.
The regression equation obtained was
Therefore, dietary fibre requirement per day to maintain colonic health, based on the faecal bulking efficacy of 53 foods containing less than 15% TDF, and a required faecal mass of 200 g/day, is AI df ¼ ð0:397Â90Þ þ 2:88 ¼ 38:6g
Similarly, AI df ¼ 31.5 g, when based on 160 g faecal bulk, and 29.7 g when based on 150 g faecal bulk.
A summary of the results for all foods, and for foods containing less than 15% TDF, using daily faecal bulk requirements of 150, 160, and 200 g, is given in Table 3 .
Discussion
The AI df values obtained from the relation between dietary fibre content, faecal bulking efficacy, and faecal bulking requirements are consistent with AI df recommendations for adult males made by The Standing Committee on the Evaluation of Dietary Reference Intakes of the Food and Nutrition Board, Institute of Medicine (USA) (2002) , that range from 38 g TDF/day (males: 19-50 y) to 30 g TDF/day (males: 51 þ y), based on protection against heart disease. The results suggest that dietary fibre intakes, currently less than 20 g/day in most developed countries, are much less than adequate.
Although the use of an animal model has provided an opportunity to derive AI df values based on the response to a large number of food under standard conditions, the values for a critical faecal mass required to protect against large bowel disease in humans were determined by epidemiological research, which introduced some uncertainty. By using a range of values for critical faecal mass, from 150 to 200 g/day, and by basing the analysis on the total set of foods as well as on those containing less than 15% TDF, the AI df values obtained ranged from 30 to 40 g/day (Table 3) .
In the present Australian diet, which contains 10 servings of dietary fibre sources per day (Baghurst et al, 1996) , 4 g of dietary fibre per serving would be needed, on average, to provide the requirement of 40 g dietary fibre per day. Less than 4 g per serving would lead to inadequate intakes, yet, criteria for nutrient claims for dietary fibre start as low as merely 1.5 g ('source of fibre'), and are only 3 g for 'high in fibre' and 6 g for 'very high in fibre' (Food Standards Australia New Zealand, 2002) . If the recommended diet, containing 16 servings of dietary fibre sources (Cashel & Jefferson, 1995) were consumed, and a required daily intake of 30 g dietary fibre assumed, the minimum intake of TDF required per serving would be about 2 g dietary fibre, which is still 25% above the 1.5 g threshold for the claim 'source of fibre'. It is clear that the criterion levels of dietary fibre required for valid nutrient claims need to be revised Figure 1 Relation between faecal bulking index (FBI ¼ WBE fb /100 g food) and total dietary fibre content (TDF/100 g) of 66 foods: all foods (n ¼ 66) (-------):
upward, and that many foods are promoted with extravagant nutrient claims for dietary fibre (Monro, 2002b) , particularly in the context of current intakes of dietary fibre sources. Adequate daily intakes of dietary fibre have been the subject of much discussion (Cho et al, 1999 ; Standing Committee on the Evaluation of Dietary Reference Intakes of the Food and Nutrition Board, Institute of Medicine, The National Academy of Sciences, 2002) . Difficulty in agreeing on values has been caused partly by uncertainties in definition of the term dietary fibre (Lupton et al, 2001) , and correspondingly in the different meanings of results from various methods for dietary fibre analysis (Monro, 2003) . Linkages to health is another difficulty, because, as presently defined, dietary fibre is a broad concept linked to a number of health end points, for each of which different types and intakes of dietary fibre are likely to be required to obtain benefit (Lupton et al, 2001) . The difficulty in establishing a cause-effect relation between dietary fibre and health end points, especially in epidemiological studies, has also been a problem (Kim & Mason, 1966; Lupton et al, 2001) .
However, faecal bulking efficacy is one of the bestvalidated criteria on which to base an (AI df ). The original concept of dietary fibre as 'roughage' was related mainly to faecal bulking (Burkitt et al, 1972) , which remains one of the few certain effects of dietary fibre in foods. Since the laxative effects of fibre are mediated largely by faecal bulk, faecal bulking is also one of the most widely and immediately experienced effects of dietary fibre, and indeed, dietary fibre is synonymous with faecal bulking more than with any other effect in the minds of most consumers (Oniang'o, 1998) . Maintenance of large bowel function by colonic bulk is directly and indirectly linked to a number of health end points (Schneeman, 2001) .
Changes to the definition of dietary fibre to include 80% ethanol-soluble polysaccharides and oligosaccharides, and all fractions of resistant starch, could affect AI df values, if they resulted in a large changes to calculated intakes of dietary fibre. However, in most foods, TDF will continue to be largely intrinsic cell wall dietary fibres, which are also the predominant faecal bulking components. Substantially increased intakes of resistant starch as a result of increased consumption of coarsely milled or kibbled, and whole kernel grains, might require some revision of AI df .
Dietary fibre values obtained can, at best, be guidelines for intakes required to maintain faecal bulk, because much of the bulk of faeces is determined by food components other than fibre (Ha et al, 2000) , because these differ in fermentability, and because the amount of these food components that reaches the colon is affected by other constituents, notably dietary fibre (Chen et al, 1998) . The data in Figure 1 , and the modest R 2 for the regression equation for foods containing less than 15% dietary fibre, confirm that dietary fibre is not a very reliable indicator of faecal bulking efficacy for any given food. However, for a global reference value such as AI fb , a regression analysis based on the data set was appropriate.
At present, results shown in Table 1 do not represent the spectrum of foods consumed, and the analysis has not been conducted with any adjustment for the proportions of the diet contributed by the different foods. There are not yet enough FBI values available to conduct such an analysis, but as more are accumulated AI fb values will be recalculated. However, as they are approximations on which to base guidelines for highly variable food consumption patterns, with highly variable food groupings, it is not necessary or useful to achieve pinpoint accuracy.
Validity of the rat model for measuring faecal bulking efficacy The rat model for measuring faecal bulking effects of foods has been configured to optimise its validity as a model for humans; it is preadapted to a balanced diet containing mixed dietary fibres, and under the conditions used, fermentation is similar to that in the human colon (Nyman & Asp, 1985; Edwards et al, 1992; Bach Knudsen et al, 1994) . Like humans, the rat is monogastric, and the same factorsFnonfermentable residues, bacterial biomass, and water holding capacityFdetermine faecal bulk in human and rehydrated rat faeces. Furthermore, resistance to mixed bacterial fermentation in the hind gut will have been largely an intrinsic property of the nondigested food residues under the assay conditions used, in which the dietary formulation, and adequate but restricted feeding prevented colonic overloading with dietary fibre. An advantage of using large rats in the FBI assay is that they will accept foods containing particles of 1-2 mm, which allows the properties of cell wall structure in TDF to be retained. The rehydration step, not normally included in rat studies of faecal responses to human foods, improves the validity of the faecal bulking assay. Bulk is highly variable because of changes in water content within a human stool, while rats pellet and dehydrate their faeces. However, full rehydration of the rat faeces overcomes these problems by providing a faecal mass that depends solely on the total faecal matter present and its water-retention capacity, and it raised faecal water content to a mean of 72% for wheat bran fibre, and 68.1% for 28 breakfast cereals (Monro, 2002a) , compared with a mean value of 74.7% for wheat bran fibre in humans (Cummings, 1993) . Free-living humans on mixed diets, gave faecal moisture contents of 69% for those producing less than 150 g faeces/day, and 74% for those producing greater than 150 g faeces per day (Birkett et al, 1997) . Thus, the fully rehydrated rat faeces appear to satisfactorily model the composition of human faeces, rather than colonic contents at some earlier stage of their transition to faecal matter.
Increases in rehydrated faecal weight also modelled human faecal output well. For humans, a mean of 27 studies gave a value of 5.11 g/g wheat bran fibre. Chen et al (1998) more recently obtained a value of 4.85 g/g wheat bran fibre in a well-controlled experiment, compared with a value of 4.65 in rats (mean of three determinations).
Comparative values for faecal responses and properties in humans and rats are summarised in Table 4 .
A caveat
The foods from which FBI values were obtained all contained natural dietary fibres consisting largely of mixed, multifunctional polysaccharides, intrinsic to the plant cell wall component, and embedded in food matrices. As such, there was no concentration of a particular dietary fibre 'functionality' in any food, and the impact of all foods will have been within a safe physiological range.
It is important that AI df values are not used to guide intakes of extrinsic dietary fibres of concentrated functionality, which may be damaging to health at high intakes. One of the arguments for a TDF value in food labels is that it may encourage selection of plant-based foods, with multiple nutritional benefits beyond those because of dietary fibre, that plants provide. An AI df will be playing a valuable nutritional role if it encourages higher intakes of fruits, vegetables, and whole grain cereals.
Conclusion
The research described here has presented an alternative approach to determining AI values for dietary fibre. While not possessing the ultimate validity possible in experimental studies with humans, by using a valid animal model, it was possible to reliably and accurately provide a large number of measurements of faecal bulk induced unambiguously by specific foods under exactly the same conditions. The experimental approach was complementary to human epidemiological and case-control studies, adds to the several lines of evidence in favour of an increase in dietary fibre intakes for health, and supports the AI df values recently determined by the Standing Committee on the Evaluation of Dietary Reference Intakes, Institute of Medicine (USA) on the basis of protection against heart disease.
